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1. INTRODUCTION {#fsn31036-sec-0001}
===============

Tea is the second most consumed nonalcoholic beverage in the world, next only to water (Xu et al., [2018](#fsn31036-bib-0031){ref-type="ref"}). There are six main kinds of tea---green, white, yellow, black, oolong, and dark---which differ in their processing, flavor, and aroma. In addition, there are some rare kinds of processed tea, such as the Pu\'er tea which is produced in southwestern Yunnan. Despite differences in processing, the method of drinking tea is similar, that is, steeping it in hot water for few minutes. In addition, tea is associated with potent anticancer, antioxidative, and anti‐inflammatory effects, which may differ depending on the type of tea (Singh, Rawat, Bhagat, & Singh, [2017](#fsn31036-bib-0023){ref-type="ref"}; Teng, Li, Guruvaiah, Xu, & Xie, [2018](#fsn31036-bib-0028){ref-type="ref"}). Yellow tea is similar to green tea, but has higher total soluble sugar content due to an additional yellowing or fermentation step, which removes the characteristic grassy smell and bestows a sweet, fruity, and floral aroma, while preserving the health benefits of green tea (Bian et al., [2016](#fsn31036-bib-0003){ref-type="ref"}; Kujawska et al., [2016](#fsn31036-bib-0018){ref-type="ref"}; Teng et al., [2018](#fsn31036-bib-0028){ref-type="ref"}; Xu et al., [2018](#fsn31036-bib-0031){ref-type="ref"}).

Several kinds of tea have strong antioxidant activity, and their extracts can scavenge free radicals like 2,2‐diphenyl‐1‐picrylhydrazyl (DPPH) and hydroxyl ions (OH) (Chen, Liao, Hsu, Tsai, & Hsueh, [2018](#fsn31036-bib-0006){ref-type="ref"}; Kmiecik, Gramza‐Micha Owska, & Korczak, [2018](#fsn31036-bib-0017){ref-type="ref"}). In addition, the antineoplastic effects of black tea, oolong tea, white tea, green tea, and Pu\'er tea are well documented, while little is known regarding the anticancer effects of yellow tea (Zhou et al., [2017](#fsn31036-bib-0038){ref-type="ref"}).

The aims of our study were to identify the bioactive components in Yinghong NO.9 yellow tea (YT) relative to the yellowing time and to assess their biological effects on a liver cancer cell line. Yinghong NO.9 yellow tea is very similar to green tea, except for the additional yellowing process. The fresh leaves (a bud with two leaves) are first harvested, and withered for at least 4--6 hr to reduce their water content to 60%--70%. The leaves are then heated at 150--200°C to remove the grassy smell. After cooling to ambient temperature, the leaves are slightly twisted to bruise the, and heaped to yellow for 0--16 hr, followed by baking and dehydration.

2. MATERIALS AND METHODS {#fsn31036-sec-0002}
========================

2.1. Tea samples and reagents {#fsn31036-sec-0003}
-----------------------------

Yinghong NO.9 samples yellowed for 0 hr (YT0h), 4 hr (YT4h), 8 hr (YT8h), 12 hr (YT12h), and 16 hr (YT16h) were provided by the Tea Research Institute, Guangdong Academy of Agricultural Sciences. ABTS and DPPH were obtained from Yuanye Biotechnology Co. Ltd. and TPTZ from MYM Biotechnology Co. Ltd. All catechins used for HPLC were obtained from Reference Research and Folin--Ciocalteu\'s phenol reagent from Solarbio Science & Technology Co. Ltd. All other chemical reagents were analytically pure and purchased from Damao Chemical Reagent Factory. Water was double‐distilled from the Laboratory Water Purification System (Ewell Bio‐Technology Co. Ltd.).

2.2. Preparation and analysis of extracts of YT (EYTs) {#fsn31036-sec-0004}
------------------------------------------------------

The powder prepared from YT samples was extracted by boiling in double‐distilled water thrice for 30 min each (tea/water, 1:20, w:v). The aqueous extracts were pooled, centrifuged, concentrated at 60°C, and finally lyophilized in lyophilizer (Storge Box, Beijing, China).

The bioactive component contents of the EYTs were determined according to the GB/T8304‐2002 guidelines. The water content was measured in terms of the weight difference before and after heating at 130°C for 3 hr. The content of free amino acids was determined by the ninhydrin methods: Briefly, 1 g of each EYT was dissolved in 90 ml boiled water, and after mixing 1 ml of the solution with 0.5 ml PBS (pH = 8) and 0.5 ml ninhydrin at 100°C for 15 min, the absorbance was measured at 570 nm (Troll & Cannan, [1953](#fsn31036-bib-0029){ref-type="ref"}). The anthrone--sulfuric acid colorimetric assay was used to determine the total soluble sugar content: Briefly, 100 mg anthrone was dissolved in 100 ml H~2~SO~4~, and 8 ml of this solution was mixed with 1 ml EYT solution (as prepared above) at 100°C for 3 min, followed by detection of absorbance at 620 nm. Tea polyphenols were measured as described by Masuko et al. (Ng et al., [2009](#fsn31036-bib-0022){ref-type="ref"}). Briefly, 0.2 g EYTs was extracted twice with 5 ml 70% (v/v) methanol, mixed with 5 ml 10% Folin\'s phenol (v/v) for 3--8 min, and reacted with 4 ml 7% NaCO~3~ at room temperature for 60 min before measuring the absorbance at 765 nm.

To analyze the catechins, the epicatechin (EC), catechin (C), epicatechin gallate (ECG), gallocatechin (GC), epigallocatechin gallate (EGCG), gallocatechin gallate (GCG), catechin gallate (CG), epigallocatechin (EGC), gallic acid (GA), and caffeine (CAFF) standards were first run on an Agilent HPLC column (5 μm, 250 × 4.6 mm) using an HPLC system (Agilent Technologies Ltd.), according to a modified version of the method of Zuo et al. (Cabrera, Giménez, & López, [2003](#fsn31036-bib-0005){ref-type="ref"}). The tea samples were prepared by extracting 0.2 g twice with 5 ml 70% (v/v) methanol at 70°C for 10 min, and filtering through a 0.45‐μm nylon membrane (Millipore), and 10 µl of each sample was injected into the HPLC system. A gradient elution was performed at the flow rate of 1 ml/min, with each run starting with 100% solvent A (double‐distilled water) for 10 min, followed by solvent B (methanol), solvent C (0.05% phosphate acid v/v), and solvent D (acetonitrile). The wavelength was set in the range of 200--400 nm. The described technique is routinely used in the quality control process during tea manufacturing (Cabrera et al., [2003](#fsn31036-bib-0005){ref-type="ref"}).

2.3. Antioxidant activity assay {#fsn31036-sec-0005}
-------------------------------

The free radical scavenging potential of the EYTs was evaluated using DPPH as previously described (Chen et al., [2018](#fsn31036-bib-0006){ref-type="ref"}; Kmiecik et al., [2018](#fsn31036-bib-0017){ref-type="ref"}). Briefly, 1 ml of each EYT solution or ethanol (blank) was mixed with 2 ml of 0.1 mM DPPH (in ethanol), and the absorbance was measured at 515 nm. The total antioxidation capacity was measured by the ferric reducing ability of plasma (FRAP) assay. The FRAP reagent was prepared by mixing 25 ml of 300 mM acetate buffer (pH 3.6), 2.5 ml of 10 mM TPTZ (2,4,6‐tripyridyl‐s‐triazine in HCl), and 2.5 ml of 20 mM FeCl~3~·6H~2~O. The FRAP reagent was then mixed with different concentrations of each EYT sample or blank (water) at the ratio of 30:1, and the absorbance was measured at 593 nm (Benzie & Strain, [1996](#fsn31036-bib-0002){ref-type="ref"}). To detect OH radical clearance, 1 ml of each sample or blank (water) was mixed with 2 ml of 1.8 mM FeSO~4~, 1.5 ml of 1.8 mM salicylic acid (in ethanol), and 0.1 ml of 0.3% H~2~O~2~, and the absorbance was detected at 510 nm (Brand‐Williams, Cuvelier, & Berset, [1995](#fsn31036-bib-0004){ref-type="ref"}). Furthermore, the clearance of 2,2′‐azino‐bis(3‐ethylbenzothiazoline‐6‐sulfonic acid) or ABTS was determined as described by Friedman et al. (Tang & Liu, [2007](#fsn31036-bib-0027){ref-type="ref"}). Briefly, 7 mM ABTS and 2.45 mM potassium peroxydisulfate was mixed with EYTs or water (blank) and the absorbance was detected at 734 nm. The clearance of all free radicals was expressed as D (%) = \[(A~0~ − A~S~)/A~0~\] \* 100% (A~0~---control; and A~S~---sample).

2.4. Cell culture and viability assay {#fsn31036-sec-0006}
-------------------------------------

Human hepatoblastoma HepG2 cells were obtained from the Cell Resources Center of Shanghai Academy of Sciences, Chinese Academy of Sciences, and cultured in DMEM (Gibco by Life Technology) with 10% (v/v) fetal bovine serum (FBS) (Tianhang Biotechnology Ltd.) and 1% penicillin/streptomycin (Gibco by Life Technology) at 37°C in a humidified incubator (5% CO~2~ and 95% air).

For MTT assay, the HepG2 cells were seeded into 96‐well plates at the density of 5,000 cells/well and, after 24 hr, treated with varying concentrations (0, 0.125, 0.25, 0.5, 1 mg/ml) of the different EYTs (dissolved in serum‐free DMEM) for another 24 hr. After replenishing each well with 90 μl fresh medium, 10 μl MTT solution (MYM Biotechnology, Co., Ltd.) was added at the final concentration of 0.5 mg/ml per well. The cells were further incubated for 4 hr, and the reaction was stopped by adding 150 μl DMSO (Biosharp) per well. The absorbance at 490 nm was measured by plate reader fitted with a spectrophotometer (BERTHOLD Technologies). Taking viability of the control (DMSO‐treated) cells as 100%, that of the YET‐treated cells was calculated as V (%) = (A~s~ − A~b~)/(A~c~ − A~b~) \* 100% (A~s~---absorbance of samples; A~b~---absorbance of DMSO‐treated cells; and A~c~---absorbance of untreated control cells).

2.5. Western blotting {#fsn31036-sec-0007}
---------------------

Total protein was extracted from differentially treated HepG2 cells using RIPA buffer supplemented with 1% PMSF (Beyotime) at 4°C. Equal amounts of protein per sample were separated by 10% SDS‐PAGE and then transferred onto polyvinylidene difluoride membranes. The membranes were blocked with 10% nonfat milk for 90 min and then incubated overnight with primary antibodies against PI3K, p‐PI3K, AKT, p‐AKT (Cell Signaling Technology), Bax, Bcl‐2 (Abcam), and β‐actin (Sigma‐Aldrich) at 4°C. After washing with TBST, the membranes were incubated with the secondary antibodies for 50 min. Chemiluminescent signals were developed using an ECL kit (Bio‐Rad) and visualized with the ChemiDoc XRS gel documentation system (Tanon). The protein bands were analyzed by ImageJ, with β‐actin as the internal control (Sun, Wang, Liu, & Wang, [2015](#fsn31036-bib-0025){ref-type="ref"}; Sun, Zhang, et al., [2015](#fsn31036-bib-0026){ref-type="ref"}).

2.6. Statistical analyses {#fsn31036-sec-0008}
-------------------------

Statistical analysis was performed using SPSS Statistics software version 13.0 (SPSS Inc.) and Prism 6.0 software for Windows (GraphPad Software). All data are presented as means ± *SD* of at least three independent experiments. Multiple groups were compared by analysis of variance (ANOVA) and Tukey\'s post hoc test, and Pearson\'s correlation coefficient (*r*) was used to determine correlation between any two parameters. *p* Values \<0.05 were considered statistically significant.

3. RESULTS {#fsn31036-sec-0009}
==========

3.1. Bioactive components of EYTs {#fsn31036-sec-0010}
---------------------------------

Several studies have reported significant alterations in the composition of yellow tea during yellowing (Friedman, Levin, Lee, & Kozukue, [2009](#fsn31036-bib-0010){ref-type="ref"}; Narumi et al., [2014](#fsn31036-bib-0021){ref-type="ref"}). Therefore, we compared the EYT samples subjected to different yellowing times. As shown in Table [1](#fsn31036-tbl-0001){ref-type="table"}, soluble sugars, free amino acids, and TFs were significantly higher in the YT12h and YT16h samples compared to YT0h, and increased content of total soluble sugar was associated with improved taste. In contrast, the levels of tea polyphenols, flavonols, and TRs decreased significantly in the YT12h and YT16h samples. Furthermore, the content of GA, total catechins, and esterified catechins gradually decreased with the yellowing time, with significantly lower levels in the YT12h and YT16h samples, while the nonesterified catechins increased markedly (Table [2](#fsn31036-tbl-0002){ref-type="table"}). Taken together, the duration of the yellowing process significantly affects the composition of yellow tea and may potentially alter its benefits.

###### 

The contents of bioactive components in Yinghong NO.9 yellow tea

  Component                 YT0h           YT4h                                                   YT8h                                                     YT12h                                                    YT16h
  ------------------------- -------------- ------------------------------------------------------ -------------------------------------------------------- -------------------------------------------------------- --------------------------------------------------------
  Water extracts (%)        41.06 ± 0.00   41.53 ± 0.03[\*](#fsn31036-note-0003){ref-type="fn"}   42.22 ± 0.03[\*\*](#fsn31036-note-0004){ref-type="fn"}   44.34 ± 0.04[\*\*](#fsn31036-note-0004){ref-type="fn"}   44.47 ± 0.02[\*\*](#fsn31036-note-0004){ref-type="fn"}
  Tea polyphenols (TP, %)   30.30 ± 0.16   29.33 ± 0.04                                           29.16 ± 0.08[\*](#fsn31036-note-0003){ref-type="fn"}     28.96 ± 0.01[\*\*](#fsn31036-note-0004){ref-type="fn"}   28.41 ± 0.09[\*\*](#fsn31036-note-0004){ref-type="fn"}
  Amino acid (AA, %)        1.72 ± 0.01    1.83 ± 0.01                                            2.36 ± 0.00[\*\*](#fsn31036-note-0004){ref-type="fn"}    2.52 ± 0.02[\*\*](#fsn31036-note-0004){ref-type="fn"}    2.69 ± 0.01[\*\*](#fsn31036-note-0004){ref-type="fn"}
  TP/AA                     17.71 ± 0.16   16.04 ± 0.07[\*](#fsn31036-note-0003){ref-type="fn"}   12.32 ± 0.03[\*\*](#fsn31036-note-0004){ref-type="fn"}   11.43 ± 0.09[\*\*](#fsn31036-note-0004){ref-type="fn"}   10.68 ± 0.15[\*\*](#fsn31036-note-0004){ref-type="fn"}
  Soluble sugar (%)         2.94 ± 0.03    2.99 ± 0.00                                            2.99 ± 0.02                                              3.04 ± 0.03                                              3.14 ± 0.02
  Flavonols (mg/g)          9.30 ± 0.02    9.11 ± 0.00                                            9.09 ± 0.00                                              9.06 ± 0.03                                              8.86 ± 0.00
  Theaflavins (TFs, %)      0.10 ± 0.01    0.11 ± 0.00                                            0.12 ± 0.03                                              0.13 ± 0.02                                              0.16 ± 0.00
  Thearubigins (TRs, %)     3.32 ± 0.08    3.31 ± 0.06                                            2.80 ± 0.47[\*\*](#fsn31036-note-0004){ref-type="fn"}    2.74 ± 0.11[\*\*](#fsn31036-note-0004){ref-type="fn"}    2.74 ± 0.05[\*](#fsn31036-note-0003){ref-type="fn"}
  Theabrownins (TBs, %)     1.52 ± 0.07    1.25 ± 0.11                                            2.00 ± 0.07[\*](#fsn31036-note-0003){ref-type="fn"}      1.82 ± 0.14[\*](#fsn31036-note-0003){ref-type="fn"}      1.75 ± 0.05

Values represent means ± *SD* (*n* = 3).

*p* \< 0.05 versus the YT0h group.

*p* \< 0.01 versus the YT0h group.

John Wiley & Sons, Ltd

###### 

The contents of catechin monomers, caffeine, and gallic acid in Yinghong NO.9 yellow tea (mg/g)

  Component                 YT0h            YT4h                                                      YT8h                                                      YT12h                                                     YT16h
  ------------------------- --------------- --------------------------------------------------------- --------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------
  GA                        6.82 ± 0.01     6.73 ± 0.03                                               6.72 ± 0.0.01                                             6.69 ± 0.00                                               6.40 ± 0.08[\*\*](#fsn31036-note-0007){ref-type="fn"}
  GC                        7.00 ± 0.10     7.15 ± 0.02                                               7.16 ± 0.02                                               7.26 ± 0.07[\*](#fsn31036-note-0006){ref-type="fn"}       7.32 ± 0.04[\*](#fsn31036-note-0006){ref-type="fn"}
  EGC                       18.63 ± 0.24    20.64 ± 0.28[\*\*](#fsn31036-note-0007){ref-type="fn"}    21.04 ± 0.01[\*\*](#fsn31036-note-0007){ref-type="fn"}    21.05 ± 0.14[\*\*](#fsn31036-note-0007){ref-type="fn"}    21.08 ± 0.13[\*\*](#fsn31036-note-0007){ref-type="fn"}
  C                         18.32 ± 0.32    18.60 ± 0.16[\*](#fsn31036-note-0006){ref-type="fn"}      18.76 ± 0.05[\*\*](#fsn31036-note-0007){ref-type="fn"}    18.78 ± 0.01[\*\*](#fsn31036-note-0007){ref-type="fn"}    18.87 ± 0.45[\*\*](#fsn31036-note-0007){ref-type="fn"}
  CAFF                      47.03 ± 0.48    45.50 ± 0.16[\*](#fsn31036-note-0006){ref-type="fn"}      45.42 ± 0.01[\*](#fsn31036-note-0006){ref-type="fn"}      45.41 ± 0.01[\*](#fsn31036-note-0006){ref-type="fn"}      44.56 ± 0.33[\*\*](#fsn31036-note-0007){ref-type="fn"}
  EC                        27.16 ± 0.25    27.18 ± 0.03                                              27.99 ± 0.12[\*\*](#fsn31036-note-0007){ref-type="fn"}    28.04 ± 0.08[\*\*](#fsn31036-note-0007){ref-type="fn"}    28.90 ± 0.11[\*\*](#fsn31036-note-0007){ref-type="fn"}
  EGCG                      55.82 ± 0.78    52.76 ± 0.39[\*\*](#fsn31036-note-0007){ref-type="fn"}    52.72 ± 0.15[\*\*](#fsn31036-note-0007){ref-type="fn"}    52.49 ± 0.63[\*\*](#fsn31036-note-0007){ref-type="fn"}    50.23 ± 0.33[\*\*](#fsn31036-note-0007){ref-type="fn"}
  ECG                       91.03 ± 0.56    89.24 ± 0.51[\*\*](#fsn31036-note-0007){ref-type="fn"}    87.81 ± 0.09[\*\*](#fsn31036-note-0007){ref-type="fn"}    86.77 ± 0.62[\*\*](#fsn31036-note-0007){ref-type="fn"}    86.76 ± 0.06[\*\*](#fsn31036-note-0007){ref-type="fn"}
  CG                        1.00 ± 0.03     0.98 ± 0.01                                               0.74 ± 0.02[\*](#fsn31036-note-0006){ref-type="fn"}       0.68 ± 0.02[\*](#fsn31036-note-0006){ref-type="fn"}       0.63 ± 0.00[\*](#fsn31036-note-0006){ref-type="fn"}
  Catechins                 219.45 ± 0.64   216.84 ± 0.96[\*](#fsn31036-note-0006){ref-type="fn"}     216.12 ± 0.12[\*](#fsn31036-note-0006){ref-type="fn"}     214.68 ± 0.76[\*](#fsn31036-note-0006){ref-type="fn"}     214.20 ± 0.23[\*\*](#fsn31036-note-0007){ref-type="fn"}
  Esterified catechins      147.39 ± 0.13   142.66 ± 0.07[\*\*](#fsn31036-note-0007){ref-type="fn"}   141.30 ± 0.04[\*\*](#fsn31036-note-0007){ref-type="fn"}   140.37 ± 0.60[\*\*](#fsn31036-note-0007){ref-type="fn"}   137.77 ± 0.14[\*\*](#fsn31036-note-0007){ref-type="fn"}
  Nonesterified catechins   71.32 ± 0.27    73.41 ± 0.20[\*\*](#fsn31036-note-0007){ref-type="fn"}    74.88 ± 0.08[\*\*](#fsn31036-note-0007){ref-type="fn"}    75.05 ± 0.04[\*\*](#fsn31036-note-0007){ref-type="fn"}    75.92 ± 0.36[\*\*](#fsn31036-note-0007){ref-type="fn"}

Values represent means ± *SD* (*n* = 3).

*p* \< 0.05 versus the YT0h group.

*p* \< 0.01 versus the YT0h group.

John Wiley & Sons, Ltd

3.2. Correlation between yellowing time and bioactive components {#fsn31036-sec-0011}
----------------------------------------------------------------

As shown in Table [3](#fsn31036-tbl-0003){ref-type="table"}, the correlation coefficients (*r*) of water extract, amino acid, and theaflavin contents with yellowing duration were 0.953 (*p* \< 0.05), 0.976 (*p* \< 0.01), and 0.963 (*p* \< 0.01), respectively, indicating a positive correlation between these bioactive components and time. In contrast, tea polyphenols (*r *= −0.965, *p* \< 0.01) and the ratio of tea polyphenols to amino acid (TP/AA; *r *= −0.972, *p* \< 0.01) were negatively correlated with yellowing time. Similarly, GC (*r = *0.971, *p* \< 0.01), C (*r = *0.935, *p* \< 0.05), EC (*r = *0.951, *p* \< 0.05), and nonesterified catechins (*r = *0.95, *p* \< 0.05) were positively correlated, while CAFF (*r *= −0.889, *p* \< 0.05), EGCG (*r* = −0.91, *p* \< 0.05), ECG (*r* = −0.955, *p* \< 0.05), CG (*r* = −0.953, *p* \< 0.05), catechins (*r* = −0.963, *p* \< 0.01), and esterified catechins (*r* = −0.958, *p* \< 0.05) were negatively correlated with yellowing duration. Finally, no significant correlation was seen between yellowing time and EGC, GA, and soluble sugar (*p* \> 0.05). These findings strongly suggested that the bioactive components of yellow tea depend on the yellowing time.

###### 

Correlation coefficient (*r*) between yellowing time and bioactive components of Yinghong NO.9 yellow tea

  Component         Correlation coefficient (*r*)                      Component                 Correlation coefficient (*r*)
  ----------------- -------------------------------------------------- ------------------------- --------------------------------------------------
  Water extracts    0.953[\*](#fsn31036-note-0009){ref-type="fn"}      EGC                       0.796
  Tea polyphenols   −0.965[\*\*](#fsn31036-note-0010){ref-type="fn"}   C                         0.935[\*](#fsn31036-note-0009){ref-type="fn"}
  Amino acid        0.976[\*\*](#fsn31036-note-0010){ref-type="fn"}    CAFF                      −0.889[\*](#fsn31036-note-0009){ref-type="fn"}
  TP/AA             −0.972[\*\*](#fsn31036-note-0010){ref-type="fn"}   EC                        0.951[\*](#fsn31036-note-0009){ref-type="fn"}
  Soluble sugar     0.426                                              EGCG                      −0.91[\*](#fsn31036-note-0009){ref-type="fn"}
  Flavonols         −0.858                                             ECG                       −0.955[\*](#fsn31036-note-0009){ref-type="fn"}
  Theaflavins       0.963[\*\*](#fsn31036-note-0010){ref-type="fn"}    CG                        −0.953[\*](#fsn31036-note-0009){ref-type="fn"}
  Thearubigins      −0.855                                             Catechins                 −0.963[\*\*](#fsn31036-note-0010){ref-type="fn"}
  Theabrownins      0.454                                              Esterified catechins      −0.958[\*](#fsn31036-note-0009){ref-type="fn"}
  GA                −0.872                                             Nonesterified catechins   0.95[\*](#fsn31036-note-0009){ref-type="fn"}
  GC                0.971[\*\*](#fsn31036-note-0010){ref-type="fn"}                               

Correlation is significant at the following levels.

*p* \< 0.05.

*p* \< 0.01.

John Wiley & Sons, Ltd

3.3. Yellowing time affects the antioxidant activity of EYTs {#fsn31036-sec-0012}
------------------------------------------------------------

The EYTs showed significant antioxidant effects in vitro, evaluated in terms of scavenging free radicals (DPPH and OH) and the total antioxidant capacity (FRAP), in a dose‐dependent manner. Compared to YT0h (green tea), however, the free radical scavenging ability of the different EYTs decreased significantly, with little effect of the yellowing time (Figure [1](#fsn31036-fig-0001){ref-type="fig"}a,c). Scavenging of the OH radicals decreased during the yellowing process, and the lowest clearance was seen for YT12h (Figure [1](#fsn31036-fig-0001){ref-type="fig"}b). On the contrary, the total antioxidant capacity of the YT16h group was higher compared to the other samples (Figure [1](#fsn31036-fig-0001){ref-type="fig"}d). Taken together, EYTs show appreciable antioxidant activity, which is affected to some extent by the yellowing duration.

![Scavenging rate of DPPH (a), scavenging rate of hydroxyl radicals (b), scavenging rate of ABTS (c), and antioxidant capacity in vitro (d). Data are presented as mean ± *SD* of three independent experiments. \**p \< *0.05 versus the YT0h group; \*\**p* \< 0.01 versus the YT0h group](FSN3-7-1838-g001){#fsn31036-fig-0001}

3.4. EYTs inhibit HepG2 cell proliferation independent of yellowing time {#fsn31036-sec-0013}
------------------------------------------------------------------------

The cytotoxicity of EYTs on HepG2 was evaluated in terms of both viability and morphology. As shown in Figure [2](#fsn31036-fig-0002){ref-type="fig"}, EYTs significantly changed the shape of HepG2 cells in a dose‐dependent manner, the nucleus of which gets shrinking and rounding and separates from its cytoplasm, with most potent effects seen with 1 mg/ml EYTs over 24 hr. In addition, HepG2 cells treated with the extracts showed altered membrane surface and loss of cellular adhesion. Furthermore, the MTT assay showed that EYTs significantly reduced HepG2 cell viability in a dose‐dependent manner after 24‐hr exposure (Figure [3](#fsn31036-fig-0003){ref-type="fig"}) but had no influence to normal liver cells (Figure [S1](#fsn31036-sup-0001){ref-type="supplementary-material"}). The maximum inhibition was observed with 1 mg/ml EYTs. However, although the cytotoxic effects of YT12h samples were slightly higher compared to the other samples, the yellowing time had no significant effect on the antineoplastic activity of EYTs. Based on these results, we subsequently treated the HepG2 cells with 1 mg/ml EYTs for 24 hr.

![Representative pictures of HepG2 cells 24 hr after treatment with 0, 0.125, 0.25, 0.5, and 1 mg/ml EYTs](FSN3-7-1838-g002){#fsn31036-fig-0002}

![MTT assay results showing viability of HepG2 24 hr after treatment with 0, 0.125, 0.25, 0.5, and 1 mg/ml of each EYT. Data are presented as means ± *SD* of four independent experiments. \**p* \< 0.05 versus the control group (0 mg/ml); \*\**p* \< 0.01 versus the control group (0 mg/ml)](FSN3-7-1838-g003){#fsn31036-fig-0003}

3.5. EYTs inhibit HepG2 cell growth via the PI3K/AKT pathway and Bax/Bcl‐2 {#fsn31036-sec-0014}
--------------------------------------------------------------------------

To determine the molecular mechanism underlying the cytotoxic effect of EYTs, we analyzed the levels of proliferation and apoptosis‐related proteins in HepG2 cells treated with the EYTs. As shown in Figure [4](#fsn31036-fig-0004){ref-type="fig"}a,b, p‐PI3K was significantly reduced by YT4h, YT8h, and YT12h (*p* \< 0.05), with the most potent downregulation by YT12h. In addition, p‐AKT levels were also significantly reduced by YT4h, YT8h, YT12h, and YT16h extracts (*p* \< 0.05; Figure [4](#fsn31036-fig-0004){ref-type="fig"}a,c). Finally, YT12h and YT16h significantly elevated the Bax/Bcl‐2 ratio in HepG2 cells (Figure [4](#fsn31036-fig-0004){ref-type="fig"}d,e; *p* \< 0.05). Taken together, EYTs inhibit HepG2 cell growth by blocking proliferation and inducing apoptosis.

![Representative immunoblots showing levels of p‐PI3K, PI3K, p‐AKT, and AKT in EYT‐treated HepG2 cells (a), expression of p‐PI3K relative to PI3K level (b), expression of p‐AKT relative to AKT level (c), immunoblots showing levels of Bax and Bcl‐2 in HepG2 cells (d), and expression of Bax relative to Bcl‐2 level (e). Data are presented as mean ± *SD* of three independent experiments. \* *p* \< 0.05 versus the control group; \*\* *p* \< 0.01 versus the control group](FSN3-7-1838-g004){#fsn31036-fig-0004}

3.6. Correlation between yellowing time and biological activities {#fsn31036-sec-0015}
-----------------------------------------------------------------

There was no significant correlation between the biological activities of EYTs and the yellowing time (*p* \> 0.05; see Table [4](#fsn31036-tbl-0004){ref-type="table"}).

###### 

Correlation coefficient (*r*) between yellowing time and biological activities of Yinghong NO.9 yellow tea

                                  DPPH    OH      ABTS    MTT
  ------------------------------- ------- ------- ------- -------
  Correlation coefficient (*r*)   0.452   0.801   0.311   0.859

John Wiley & Sons, Ltd

4. DISCUSSION {#fsn31036-sec-0016}
=============

Tea, made from the leaves of *Camellia sinensis*, is a popular beverage worldwide, owing to its significant health benefits (Xu et al., [2018](#fsn31036-bib-0031){ref-type="ref"}). Based on the processing techniques and characteristics, tea can be broadly classified as green, white, yellow, black, oolong, and dark. The yellow tea is unique to China, dating back to the Tang Dynasty. However, as studies have highlighted the benefits of drinking tea in recent years, yellow tea has gained more popularity.

The processing steps for yellow tea are largely similar to those of green tea, with an additional steaming or "yellowing" step (Xu et al., [2018](#fsn31036-bib-0031){ref-type="ref"}). The heat and microbial activity of this step result in chlorophyll destruction, polyphenol oxidation and isomerization, starch hydrolysis, and protein decomposition (Chen, Zhou, & Wang, [2012](#fsn31036-bib-0007){ref-type="ref"}; Gong, Cai, Cai, & Jin, [2000](#fsn31036-bib-0012){ref-type="ref"}; Xu et al., [2018](#fsn31036-bib-0031){ref-type="ref"}), which bestow the special sensory characteristics of mellow flavor and bright yellow color. The biochemical characteristics of yellow tea are dependent on its processing parameters, especially the yellowing duration. Gong et al found that the decomposition of tea polyphenols and catechins was accelerated with increasing yellowing time, whereas the amino acid content increased during the initial stages and decreased after 9 hr of yellowing (Gong et al., [2000](#fsn31036-bib-0012){ref-type="ref"}). Consistent with this, we found that the amino acid and sugar contents increased rapidly within the first 12 hr of yellowing, and more slowly thereafter. The spike in amino acid levels during yellowing is mainly attributed to the hydrolysis, pyrolysis, and oxidation of proteins (Wang & Li, [2006](#fsn31036-bib-0030){ref-type="ref"}). The increased amino acids and sugars seen with longer processing of the Yinghong NO.9 yellow tea could be due to its high water content. However, the amino acid content eventually declined with prolonged yellowing, which might be responsible for the enhanced aroma. Interestingly, the content of polyphenols declined significantly during yellowing in a time‐dependent manner, consistent with the findings of Zhou et al. The total catechin levels decreased during the yellowing process, specifically with a progressive decline in EGCG, EGC, and ECG and increase in C and EC. The likely reason for these changes is the oxidation, isomerization, and thermal cracking of the more complex catechins like EGCG and ECG to simple catechins during the yellowing process (Friedman et al., [2009](#fsn31036-bib-0010){ref-type="ref"}; Narumi et al., [2014](#fsn31036-bib-0021){ref-type="ref"}; Zhou, Chen, Sun, Yuan, & Ni, [2005](#fsn31036-bib-0037){ref-type="ref"}). Taken together, yellowing alters the composition of tea and may therefore affect its bioactivity as well.

In the normal process of life activities, the body will produce reactive oxygen species and free radicals, and their high content in the body will cause oxidative stress in the body, which is related to a variety of diseases such as cardiovascular disease and cancer. Antioxidants are widely concerned for their ability to react with unstable free radicals to protect the body from oxidative stress. At present, according to different detection mechanisms, a variety of detection methods are used to detect the antioxidant activity of antioxidants. We analyzed the scavenging ability to different free radicals of the yellow tea samples with different yellowing times. The results showed that although green tea (i.e., YT0h) showed better scavenging of DPPH, OH, and ABTS compared to yellow tea, the latter also exhibited potent antioxidative action in a concentration‐dependent manner, with maximum effects seen in samples yellowed for 12 and 16 hr. However, the yellowing time did not have a significant impact on the ability of EYTs to scavenge free radicals. In contrast, the level of FRAP, an indicator of total antioxidant effect, was significantly improved after yellowing for 16 hr. The strong antioxidant capacity of tea leaf extracts is well established. Gramza‐Michałowska et al showed a high antioxidative potential of yellow tea leaves on account of their high polyphenol content (Gramza‐Michałowska et al., [2016](#fsn31036-bib-0013){ref-type="ref"}). Since the polyphenols decreased in the Yinghong NO.9 yellow tea with prolonged yellowing, its free radical scavenging ability was slightly inhibited. Taken together, the antioxidant potential of yellow tea is not diminished due to yellowing and may even be enhanced depending on the tea.

Tea extracts also have potential antineoplastic effects and are increasingly being investigated as alternative therapeutic agents against cancer. Therefore, we also analyzed the cytotoxic effects of the EYTs on a HepG2 liver cancer cell model and found that 0.5 mg/ml of the extract inhibited cell viability by 70%. In addition, the yellowing time did not have a significant impact on the cytotoxic effects of the EYTs. YT12h and YT16h showed slightly less inhibitory effects, likely due to the lower polyphenol content. Apoptosis induction is a key mechanism to kill cancer cells (Gupta, Varma, & Khandelwal, [2007](#fsn31036-bib-0014){ref-type="ref"}; Yuan et al., [2012](#fsn31036-bib-0032){ref-type="ref"}; Zhang, Wang, Zhu, Xu, & Ding, [2014](#fsn31036-bib-0033){ref-type="ref"}), and several apoptosis‐related pathways have been harnessed to develop novel anticancer drugs. The PI3K/AKT signaling pathway is a prototypic survival pathway that plays a crucial role in promoting tumor cell growth and inhibiting apoptosis (Ao, Guan, Wang, & Wang, [2018](#fsn31036-bib-0001){ref-type="ref"}; Gupta et al., [2007](#fsn31036-bib-0014){ref-type="ref"}), and is constitutively activated in various cancer cells (Sun, Wang, Liu, & Wang, [2015](#fsn31036-bib-0025){ref-type="ref"}; Sun, Zhang, et al., [2015](#fsn31036-bib-0026){ref-type="ref"}). In addition, it is a key regulator of cancer cell growth, proliferation, and cell cycle (Franke, Hornik, Segev, Shostak, & Sugimoto, [2003](#fsn31036-bib-0009){ref-type="ref"}; Liao, Zhang, Zhao, & Liu, [2018](#fsn31036-bib-0019){ref-type="ref"}; Zhao et al., [2017](#fsn31036-bib-0034){ref-type="ref"}), and therefore, a potential therapeutic target (Hamidi et al., [2017](#fsn31036-bib-0015){ref-type="ref"}; Yuan et al., [2012](#fsn31036-bib-0032){ref-type="ref"}).

The EYTs significantly inhibited the phosphorylation and activation of PI3K, as well as its downstream protein AKT. The Bax and Bcl‐2 proteins play a crucial role in the mitochondrial apoptotic pathway (Garcia‐Delgado, Valdés‐Sánchez, Calado, Diaz‐Corrales, & Bhattacharya, [2018](#fsn31036-bib-0011){ref-type="ref"}; Zhao, Fu, Sun, & Liu, [2018](#fsn31036-bib-0035){ref-type="ref"}), and the ratio of Bax/Bcl‐2 is a useful indicator of apoptosis (Del Principe et al., [2016](#fsn31036-bib-0008){ref-type="ref"}; Khodapasand, Jafarzadeh, Farrokhi, Kamalidehghan, & Houshmand, [2015](#fsn31036-bib-0016){ref-type="ref"}). In addition, apoptosis is also regulated by the opposing factions of the Bcl‐2 family (Marsden et al., [2002](#fsn31036-bib-0020){ref-type="ref"}; Singh, Singh, Singh, Naqvi, & Singh, [2014](#fsn31036-bib-0024){ref-type="ref"}; Zhao et al., [2017](#fsn31036-bib-0034){ref-type="ref"}). Zhao et al found higher levels of the pro‐apoptotic Bax and lower levels of the anti‐apoptotic Bcl‐2 in HT‐29 cells treated with yellow tea extract compared to cells treated with the extracts of green tea (Zhao, [2009](#fsn31036-bib-0036){ref-type="ref"}), indicating that the yellowing process may enhance the anticancer benefits. Consistent with this, the Bax expression in HepG2 cells treated with EYTs of varying yellowing times was slightly higher compared to the YT0h (green tea)‐treated cells, while that of Bcl‐2 was lower. Therefore, yellow tea might have a stronger anticancer effect than green tea.

5. CONCLUSIONS {#fsn31036-sec-0017}
==============

To summarize, this is the first study to correlate the bioactivities of yellow tea with yellowing time. The extracts of yellow tea have potent antioxidant and antineoplastic effects. While the yellowing process enhanced the total antioxidant capacity of the EYTs, it did not affect their ability to kill hepatocarcinoma cells in vitro. Furthermore, the EYTs mediated their cytotoxic effects by inhibiting the prosurvival PI3K/AKT pathway and upregulating the Bax/Bcl‐2 ratio. In conclusion, yellow tea yellowing for 12 hr showed a strong bioactivity and anticancer ability, revealing the potential efficacy in inhibiting proliferation of cancer cells, but further studies are under way. Our findings not only supply scientific basis for the study of the relationship between yellow tea and health, but also provide new ideas for the development of high efficiency and safe therapeutic natural anticancer drugs.
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